Inour previous research, it has been demonstrated that inelastic processes in atom Rydberg-atom collisions, such as chemi-ionization and (n−n ) mixing, should be considered together. Here we will review the present state-of-the-art and the actual problems. In this context, we will consider the influence of the (n−n )-mixing during a symmetric atom Rydberg-atom collision processes on the intensity of chemi-ionization process. It will be taken into account H(1s) + H * (n) collisional systems, where the principal quantum number is n >> 1. It will be demonstrated that the inclusion of (n−n ) mixing in the calculation, influences significantly on the values of chemi-ionization rate coefficients, particularly in the lower part of the block of the Rydberg states. Different possible channels of the (n−n )-mixing influence on chemi-ionization rate coefficients will be demonstrated. The possibility of interpretation of the (n−n )mixing influence will be considered on the basis of two existing methods for describing the inelastic processes in symmetrical atom Rydberg-atom collisions.
Introduction
Exploring and improving the new calculation possibilities and simulation techniques, attracted extensive attention in the chemi-ionization and (n−n )-mixing processes c Indian Academy of Sciences 623 in atom Rydberg-atom collisions, which resulted in numerous papers dedicated to this problem in various research fields like astrophysics, plasma physics, chemistry (see for example, Bohr et al. 2012; Barklem 2007; Mihajlov et al. 2007a; Ryabtsev et al. 2005) . Two groups of inelastic processes in slow atom Rydberg-atom collisions will be considered in this paper:
The chemi-ionization processes, A * (n, l)
A * (n, l)
The processes of (n−n )-mixing, A * (n, l) + A → A + A * (n , l ).
(2)
Here A and A * (n, l) denote atom in the ground and in the highly excited (Rydberg) state with the given principal and orbital quantum numbers n and l, A + and e are atomic ion in the ground state and free electron, while A + 2 denotes the molecular ion in the ground state.
The processes (1) and (2), illustrated in Figures 1(a) and 1(b), were examined and discussed in the literature for a long time (see Mihajlov & Janev 1981; Janev et al. 1987) . These processes are conditioned by the dipole resonant mechanism which was described in detail in Mihajlov et al. (2012) . Significant contribution of processes (1) and (2) in modeling of solar atmosphere is shown in Mihajlov et al. (2011a Mihajlov et al. ( , 2011b ) Barklem (2007) , Mashonkina (2009 Mashonkina ( , 2010 , while the papers of Mihajlov et al. (2003) and Srećković et al. (2013) are devoted to the influence of these processes on the kinetic of helium-rich star atmospheres. Another important contribution is that the presented results suggest that these processes, due to their influence on free electron density and excited state populations in the atmospheres of M red dwarfs, should also influence the atomic spectral line shapes (see e.g. Mihajlov et al. 2007b) .
In spite of the fact that processes (1) and (2) are caused by the same mechanism, they are considered separately up to now. The main aim of this work is to determine the influence of processes (2) on the processes of chemi-ionization (1a) and (1b). Namely, already from Fig. 1 (b) one can notice the following: in the case when the considered atomic collision proceed in accordance with the excited molecular term U 2 (R), before it enters in the zone where the chemi-ionization processes (1a) and (1b) occur, the system A * (n, l) + A passes through the zone where the processes (2) with n > n take place.
First, the way the inclusion of process (2) in the procedure of calculation of rate coefficients of the chemi-ionization processes (1a) and (1b) will be described. For this purpose their values will be determined under the conditions characteristic for the solar photosphere in the case A = H(1s) and compared with the rate coefficients of the same chemi-ionization processes, determined in Mihajlov et al. (2011a) , but without inclusion of (n−n )-mixing processes. We draw attention to the fact that, as a difference from this previous article, chemi-ionization rate coefficients are here without the simplification of the expression for Gaunt factor, connected with the photo-ionization cross sections for the transitions of Rydberg electron ε(n, l) → ε(k). Besides, here, as a difference from Mihajlov et al. (2011a) , the average chemi-ionization rate coefficient for a given n is obtained as a result of (a) (b) Figure 1 . (a) Schematic illustration of A * (n, l) + A collision within the domain of internuclear distances R r n;l , where r n;l ∼ n 2 is the characteristic radius of Rydberg atom A * (n, l). (b) Schematic illustration of the simultaneous resonant transitions of the outer electron from the initial bound to the final state and the sub-system A + + A from initial excited to the final ground electronic state. If the outer electron becomes free (ε k > 0) the processes (1) occur, while if the outer electron remains in the bound state (ε n < 0) the processes (2) occur. the corresponding averaging of partial chemi-ionization rate coefficients for every l where 0 ≤ l ≤ n − 1.
Atomic units will be used throughout the paper.
Theory

General formulas
Let K 1a (n, l; T ) and K 1b (n, l; T ) are rate coefficients of processes (1a) and (1b), separately determined for a given n, l and T , where T is the temperature of the considered plasma, and K 1 (n, l; T ) is the total rate coefficient of processes (1a) and (1b) together, namely K 1 (n, l; T ) = K 1a (n, l; T ) + K 1b (n, l; T ). Because of further applications, we will then determine the average total rate coefficient
and average rate coefficient of associative ionization K 1b;n (T ),
Partial rate coefficients K 1 (n, l; T ) and K 1b (n, l; T ) are determined on the basis of standard expressions
where E is the impact energy, σ 1 (n, l; E) and σ 1b (n, l; E) are the corresponding cross sections, μ red is the reduced mass of the subsystem H(1s)+H + , and f T (E) is the Maxwell distribution function: f T (E) = exp(−E/kT ) √ E. Parameter E n;i is given here with the relation E n;i = U 2 (R n;i ), where R n;i is the upper limit of the chemi-ionization zone which is the root of the equation U 12 = 1/2n 2 .
The mentioned cross sections are determined here within the semi-classical approximation, with the help of the standard expressions
where ρ is the impact parameter, ρ 1;max and ρ 1b;max are the corresponding maximal values of this parameter, and P 1 (n, l; ρ; E) and P 1b (n, l; ρ; E) are the total probability of chemi-ionization and the probability of associative ionization, respectively determined for the given values of n, l, ρ and E. We will determine these probabilities in the form
where 1/2 is the probability that the subsystem H(1s)+H + develops in accordance with the term U 2 (R), p keep (n, l; ρ; E) the probability that in the domain of values of R where the processes (2) with n > n are possible, the state of this subsystem is held on, i.e. the excited electronic state with the energy U 2 (R), while p i;1 (n, l; ρ; E) and p i;1b (n, l; ρ; E) are the corresponding ionization probabilities determined under the condition that subsystem H(1s) + H + enters into the ionization zone with probability equal to 1.
Probability of ionization decay
As in the previous papers, probabilities p i;1 (n, l; ρ; E) and p i;1b (n, l; ρ; E) are determined here within the quasi-static decay approximation. Since these probabilities are determined in a similar way as in the previous works of Mihajlov et al. (2007a) and Mihajlov et al. (2011a) , here they are taken in the form
where the quantities q i;1 , q i;2 and q i;as are given as
The rate coefficient of ionization decay W i (n, l; R) and radial ion-atom velocity υ rad (E, ρ; R) are given by the expressions
where c is the speed of light, D 12 = | 1|d m.i |2 | is the molecular-ion dipole matrix element, σ ph.i (n, l, ε ph ) is the cross section for photoionization of excited hydrogen atom H * (n, l) by a photon with energy ε ph = U 12 (R), and U 12 (R) = U 2 (R) − U 1 (R). In the expression for dipole matrix elementd denotes the operator of ion dipole momentum H + 2 and |1 and |2 are the ground and first excited state of this ion. In equation (11), R 0 is denoted by the lower limit of the domain R which is reached during the collision with a given ρ and E, and with R 1b;min , the upper limit of the domain R where only the process of associative ionization (1b) is possible. Consequently, parameters R 0 represents the roots of the equation: U 2 (R) = E · (1 − ρ 2 /R 2 ) and R 1b;max is the root of the equation U 12 (R) = E . Let us draw our attention to where it is assumed in expressions (10) and (11) that R 1b;max < R n;i In the case of R 1b;max > R n;i we have that the quantity q i;2 = 0 and q i;as = q i;1 .
We draw our attention that already at this point there exist a difference compared to previous works concerning the chemi-ionization processes in stellar atmospheres (Mihajlov et al. 2007a (Mihajlov et al. , 2011a . Namely, in the mentioned works, the chemiionization rate coefficients were determined with the averaged ionization decay rate, obtained by averaging partial rates over the whole shell with a given n. This gives possibility to use the average over shell Kramers photo-ionization crosssection adjusted with the help of approximate Gaunt factor. As a difference, the rate coefficients K 1 (n, l; T ) and K 1b (n, l; T ) were determined here on the basis of equations (5) and (6) with the help of partial cross sections for photo-ionization, determined here on the basis of exact expressions from Sobelman (1979).
Probability of pre-ionization decay
From equations (8) and (9) one can notice that the basic difference, in comparison with previous papers, represents taking into account of the effect of decay of the initial electronic state of the considered atom Rydberg-atom system, due to the possibility of execution of excitation processes (2) with n > n. This one is taken into account by the introduction of probability of maintenance of this state p keep (n, l; ρ; E). One determines this probability on the basis of the modified version of approximate method described in Mihajlov et al. (2004) dedicated to the (n − n )-mixing processes. Let us remind that the essence of this method is that, at a given n, each block of Rydberg states from n = n + p 1 to n = n + p 2 is 'spreading' in a part of 'quasicontinuum' limited by values n+p 1 −δ n and n+p 2 +1−δ n , where the parameters δ n are determined from the condition of maintainance of total number of states and total oscillator strengths for transitions from initial state of Rydberg electron to all states of the separated block. The mentioned modification has been conditioned with the fact that in the just mentioned work, an average rate of decay of the initial state of system connected with the transition of Rydberg electron from the state with the given n in states with n = n + p , where p ≥ 1, was determined while we must consider transitions of Rydberg electron from the state |n, l to the states |n + p, l − 1 and |n + p, l + 1 . In accordance, it is considered here that the preionization zone form the domain of internuclear distances such that R n;i < R < R n;n+1−δ n , where δ n = 0.5·[1 − (1/3)·O(1/n)], and domains R corresponding to the mentioned transitions with p = 1, 2, 3... make intervals (R n;n+2−δ n , R n;n+1−δ n ), (R n;n+3−δ n , R n;n+2−δ n ) and (R n;n+4−δ n , R n;n+3−δ n ). The limits of these domains R n;n+p−δ n are roots of the equations: U 12 (R) = 0.5·[1/n 2 − 1/(n + p − δ n ) 2 ].
In this work, the transitions with 1 ≤ p ≤ 5 are taken into account. Consequently, the probability p keep (n, l; ρ; E) could be represented as
where p p;keep (n, l; ρ; E) is the probability of the maintenance of the initial state of the system within the interval (R n;n+p+1−δ n , R n;n+p−δ n ).
Since the mechanism of the pre-ionization decay is the same as in the case of the ionization one, we take immediately that probabilities p p;keep (n, l; ρ; E) are given by the relations p p;keep (n, l; ρ; E) = exp(−x p ),
where the decay rate w n;n+p (n, l; R) is conditioned by the dipole mechanism within the interval (R n;n+p+1−δ n , R n;n+p−δ n ). The upper limit R p is given by R p = R n;n+p−δ n , R n;n+p−δ n ≤ R up;mix (E, ρ)
where R n;n+p is the resonant distance of the process (2) for a given n−n = n + p , determined as the root of the equation
The parameter R up;mix (E, ρ) is separately discussed in Appendix 4. Let us draw attention that in the case when R up;mix (E, ρ) < R n;n+p , it is considered that p p;keep (n, l; ρ; E) = 0. Thus the decay rate w n;n+p (n, l; R) is given by the relation w n;n+p (n, l; R) = 2π 3 · U 4 12 (R n;n+p ) ·ñ 3 · D 2 12 · r 2 n,l;n+p ,
where r 2 n,l;n+p = | n, l|d at |n, l − 1 | 2 + | n, l|d at |n, l + 1 | 2 ,d at is the operator of the dipole moment of hydrogen atom, and |n, l , |n, l − 1 and |n, l + 1 denote the corresponding states of Rydberg electrons.
Results and discussion
It follows from the above presented material that the total rate coefficients of the processes (1a) and (1b) together, and rate coefficients for the associative ionization (1b), i.e. K 1;n (T ) and K 1b;n (T ) are determined on the basis of equations (3)-(17). Let us draw attention that, strictly speaking, chemi-ionization processes (1a) and (1b) can be described on the basis of dipole resonant mechanism only in the case of the state with n ≥ 5, for which the potential curves of the system H * (n, l) + H(1s) lie above the potential curve of the system H + + H − (1s 2 ), where H − (1s 2 ) is a stable negative hydrogen ion. However, it can be shown that the points of the intersection of potential curves of the system H * (n, l)+H(1s) with n = 2, 3 and 4 with the potential curve of the system H + + H − (1s 2 ) are located on the internuclear distances, which are several times larger than the average atomic radius H * (n, l) so that the existence of these intersections can not significantly affect the values of the corresponding rate coefficients of the processes (1a) and (1b). Consequently the applicability of the dipole resonance mechanism for the states with n < 5 depends to what degree it may be regarded as fulfilled condition R n;n+1 r n;l , where r n;l is the mean radius of the corresponding orbit of the outer electron. One notices that from this aspect, the dipole resonant mechanism can not be applied in the case of n = 2, while in the case of the states n = 3 and 4 the application of this mechanism can be completely justified.
Total values of the rate coefficients of chemi-ionization processes K 1;n (T ) within the range 3 ≤ n ≤ 15 are presented in Table 1 . Bearing in mind the main application (of the results obtained here), on the photosphere and lower chromosphere of the Sun, calculations of these rate coefficients were performed for temperatures 4000 K ≤ T ≤ 10000 K. The processes (1b) are characterized in this paper via the corresponding branch coefficient X 1b;n (T ) given as
Values of coefficients X 1b;n (T ) for the same n and T are presented in Table 2 . In accordance with the above, rate coefficients are determined by summing the probability of the decay of the initial state of the collisional system in preionization zone with Rydberg electron transitions from state |n to state |n + p , where 1 ≤ p ≤ 5.
In order to demonstrate significance of the presented calculation, we will compare the chemi-ionization rate coefficients K i;n (T ) with the corresponding rate coefficients K * i;n (T) from Mihajlov et al. (2011a) . Let us note that the coefficients Table 1 . Calculated values of the coefficient K * i;n (T) are obtained in the same way as the coefficients K i;n (T) by taking p keep (n, l; ρ; E) = 0, where p keep (n, l; ρ; E) is the total probability of the preionization decay given by equations (13)-(17). All the mentioned quantities are presented in Fig. 2 for the case of T = 5000 K. Note that in relation to the previous work of Mihajlov et al. (2011a) , in this figure are presented not only the total rate coefficients, determined on the basis of dipole resonance mechanism for 3 ≤ n ≤ 8 but also rate coefficients are determined on the basis of data from Janev et al. (1987) for n = 3 and 4, and from Table 2 . Calculated values of the branch coefficient X 1b;n as a function of n and T . Urbain et al. (1991) for n = 2. One can notice from this figure that there are noticeable differences between the values of the rate coefficients determined in Mihajlov et al. (2011a) and values K * i;n (T ), while the differences in relation to the rate coefficients K i;n (T ) are very large for n ≤ 6 and decreases quickly with the increase of n in n > 6.
In previous works (Mihajlov et al. 2003 (Mihajlov et al. , 2007b related to the photosphere of a M red dwarf with temperature near to 4000 K, it has been shown that on populations of hydrogenic Rydberg states in this photosphere as well as on its other characteristics, the chemi-ionization processes (1a) and (1b) influence strongly with 4 ≤ n ≤ 8. It is clear that because of this, it is indispensable to take into account the changes of rate coefficients of these processes, which, in accordance with our results, are particularly large for n ≤ 6. From the material presented here, further investigation of the properties of decay of the initial state of the collisional system H * (n, l) + H(1s) in the pre-ionization zone is of great importance.
Additionally, results obtained here suggest that the rate coefficients of the chemiionization processes (1a) and (1b) could be affected by other channels of influence of the processes (2). Here we have in view the processes of (n−n ) mixing taking place in two or more steps.
Conclusions
In this work, it is shown that the processes of (n−n )-mixing (equation (2)) influence considerably the rates of chemi-ionization processes (1a) and (1b). Calculations, which characterize this influence on the quantitative level have been performed. As one can see from figure 2, inclusion of the (n−n ) mixing processes reduce the chemi-ionization rate coefficients. The obtained results are finalized in tabular form, where the values of total constants for rates of the processes (1a) and (1b) together, and rates for the process of associative ionization (1b) are presented. The tables cover the range of values, of the principal quantum number of Rydberg states of the hydrogen atom, from n = 3 to n = 15 and the temperature range from T = 4000 K to T = 10000 K, so that they can be directly applied in connection with the modeling of photosphere and lower chromosphere of the Sun. Moreover, investigation of the influence of (n−n )-mixing processes on the chemi-ionization processes taking into account (n−n ) mixing processes which occur in two or more steps have been discussed. treated as a quasi-molecular complex. As a qualitative characteristics of the mentioned delocalization, one takes here the probability of resonant charge exchange P c.exc (R; E; ρ) in the subsystem H + + H(1s) as a function of R at a given ρ and E. As a basis for this, is taken the theory of the process: H + + H(1s) → H(1s) + H + developed in Firsov (1951) and Bates & Boyd (1962) . From this theory it follows that P c.exc (R; E; ρ) = sin 2 (ϕ (R; E; ρ) ),
where the phase ϕ(R; E; ρ) is given by the relation
which can be used in the considered case since P c.exc (R; E; ρ) becomes noticeably different from zero only deeply inside the orbit of the Rydberg electron at a given n. On the basis of the data from Firsov (1951) and Bates & Boyd (1962) , it can be considered that in the case when P c.exc (R; E; ρ) reaches the value of 1/2π, the corresponding R may be considered as the upper limit of the charge exchange zone at a given ρ and E, and consequently, as the upper limit of domain with a sufficient degree of delocalization of electron in the subsystem H + + H(1s). Thus, the parameter R up;mix is determined here as the root of the equation
where ϕ(R; E; ρ) is given by equation (A2) under condition that this root is in the domain of monotonical increase of the left side of equation (A3). The behavior of phase ϕ(R; E; ρ) is illustrated in Table 3 , where its values for E = E n;i , ρ = 0 and R = R n;n+1 within the range 3 ≤ n ≤ 15 are shown. Of course, these data should be treated as qualitative ones since equations (A1) and (A2) have strict sense in the case E U 12 (R) while in our case, this condition is fulfilled only for n > 7. Table 3 . Calculated values of the parameters which characterize pre-ionization zone. Phase ϕ(R n,n+1 , E n;i ; ρ = 0) is given by equation (A2). n R ni E n;i = U 2(Rn; i) R n,n+1 ϕ(R n,n+1 , E n;i ; ρ = 0) P c.exc (ϕ(R n,n+1 
